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Structural Evidence for a Possible Role
of Reversible Disulphide Bridge Formation
in the Elasticity of the Muscle Protein Titin
A band and at the M line binds to myosin, forming the
central thick filament system. The sequence of titin from
human cardiac muscle has revealed a gene product of
close to 27,000 residues (3 MDa molecular weight) and
about 300 predicted modular protein domains [3]. Due
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Notkestrasse 85 to its large size and inherent flexibility, the knowledge on
its structure is currently limited to electron microscopyD-22603 Hamburg
†Department of Physical Biochemistry images [1]. However, recently the atomic structures of
three domains of titin have become available: two immu-Max-Planck-Institute for Molecular Physiology
Postfach 200247 noglobulin-like (Ig) domains, M5 and I27 from the A band
[4] and the I band [5], respectively, as well as a serineD-44202 Dortmund
Germany kinase domain, which is the only catalytic domain in titin
[6]. These structures have provided initial insight into
the overall assembly of titin.
The available sequence has provided the basis for aSummary
cascade of recent studies on the unique role of titin as
a passive spring in muscle, providing a restoring forceBackground: The giant muscle protein titin contributes
either in shortened or stretched muscle sarcomeres [7].to the filament system in skeletal and cardiac muscle
The elastic part of titin is located in its I band region,cells by connecting the Z disk and the central M line of
spanning over the central part of this protein, whichthe sarcomere. One of the physiological functions of
is not in tight association with other filament systems.titin is to act as a passive spring in the sarcomere, which
Differential expression of titin leads to different I bandis achieved by the elastic properties of its central I band
isoforms [3], resulting in molecular weights of this sec-region. Titin contains about 300 domains of which more
tion that range from 0.8 to 1.5 MDa. The titin I bandthan half are folded as immunoglobulin-like (Ig) domains.
fragment comprises a specific sequence known as theIg domain segments of the I band of titin have been
PEVK region that contains a high number of proline,extensively used as templates to investigate the molecu-
glutamate, valine, and lysine residues. In its longestlar basis of protein elasticity.
form, present in human soleus muscle for instance, the
modular architecture of the titin I band consists of a
Results: The structure of the Ig domain I1 from the I
proximal tandem Ig segment comprising 68 domains, a
band of titin has been determined to 2.1 A˚ resolution.
short mixed domain segment (called N2-A), the PEVK
It reveals a novel, reversible disulphide bridge, which
region, and a distal tandem Ig segment comprising an-
is neither required for correct folding nor changes the
other 20 domains [8]. The proximal and the distal ends,
chemical stability of I1, but it is predicted to contribute
I1–I15 and I73–I92, respectively, are constitutively ex-
mechanically to the elastic properties of titin in active
pressed.
sarcomeres. From the 92 Ig domains in the longest iso-
A series of ultrastructural studies using myofibril me-
form of titin, at least 40 domains have a potential for
chanics and immunolabeling techniques [9–11] has pro-
disulphide bridge formation.
vided insight into the molecular mechanisms of the ob-
served passive elasticity of the I band, revealing two
Conclusions: We propose a model where the formation stepwise, separate effects. First, at low sarcomere
of disulphide bridges under oxidative stress conditions stretch and physiological sarcomere length (less than 5
could regulate the elasticity of the I band in titin by pN external force), the Ig tandem regions straighten,
increasing sarcomeric resistance. In this model, the for- mainly affecting the interdomain linkers while keeping
mation of the disulphide bridge could refrain a possible the native fold of the individual domains. This mecha-
directed motion of the two b sheets or other mechani- nism allows a modest sarcomere extension of 2.7–2.8
cally stable entities of the I1 Ig domain with respect to mm, providing only little passive elasticity. At higher
each other when exposed to mechanical forces. stretching forces (up to 30 pN), the PEVK region of the
I band starts to unravel, leading to an elongation of the
sarcomere up to about 3.4 mm and resulting in a steepIntroduction
increase of passive tension. It is yet to be resolved
whether and to what extent folding/unfolding transitionsThe giant muscle protein titin extends over one half of
the sarcomere, which is the structural unit of striated are involved in this elongation process, since no high-
resolution structural information is currently availablemuscle function [1, 2]. Its N terminus is associated to
a-actinin at the Z disc, while its C-terminal region in the for the PEVK segment. Under these conditions, I band
elasticity is reversible and can be modeled as that of
‡ To whom correspondence should be addressed (e-mail: wilmanns@
embl-hamburg.de).
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Table 1. X-Ray Data and Structure Refinement Statistics
Space group P212121
Cell edges (A˚3) a 5 38.3 b 5 78.6 c 5 79.6
Resolution range (A˚) 20–2.1 (2.15–2.10)
Number of reflections 14,589 966
Rsym (%) 6.8 27.4
Multiplicity 4.7 4.6
,I./,s(I). 10.9 2.7
Completeness 99.6 99.9
R factor (%) 20.2
Rfree (%) 24.8
Asymmetric unit
Number of residues 97 3 2 (783 3 2 nonhydrogen protein atoms)
Number of solvent atoms 198
Rmsd bond length (A˚) 0.012
Rmsd bond angles (8) 1.70
Ramachandran plot
Core regions (%) 100
Disallowed regions (%) 0
Average B factors (A˚2)
Main chain atoms 27.6
All atoms, including solvent 28.7
NCS
Rms difference for Ca atoms (A˚) 0.30
Rms difference for all atoms (A˚) 0.98
The numbers in parentheses refer to the highest resolution shell of observed data.
an entropic spring following the worm-like chain model and optical tweezers [20–22]. A prerequisite for the inter-
pretation of these studies is the knowledge of the pre-of polymer elasticity [10, 11]. In the cardiac N2B isoform
of human titin, reversible passive elasticity has been cise atomic structures of the segments within the titin
I band. Due to its inherent flexibility, the molecular struc-observed at even higher stretching forces and has been
assigned to the unique elastic properties of a segment ture of the entire I band section cannot be studied, thus
restricting insight into its fold to the determination ofat the N terminus of the N2B segment [11, 12]. The
presence of a third molecular spring element in this domain structures. Prior to this work, the only titin Ig
domain from the I band with a known 3D structure wasisoform could reflect specific requirements for elasticity
during heart diastole [11]. I80 (I27 in the original nomenclature, further used in this
contribution) from the distal I band, which was solvedAdditional in vitro experiments have been performed
on single titin molecules, using atomic force microscopy by NMR spectroscopy [5]. The structure of this domain
has been used to model the arrangement of a series ofand optical tweezer methods. These studies have dem-
onstrated that, at extreme titin extension at forces of multi-Ig constructs, using small angle scattering data
and 15N NMR relaxation data [23], and as a template forabout 100 pN and more of applied force, sequential
unravelling of individual Ig domains occurs, leading to a the modeling of other I band Ig domains [24]. Here, we
present the first crystal structure of an Ig domain fromforce response that can be visualized as a characteristic
sawtooth pattern in extension curves [13–15]. Domain the proximal I band of titin, I1. The structure of I1 will
be used to analyze structural differences to other Igunfolding in the titin I band, however, is unlikely to con-
tribute to passive tension under physiological conditions domains from the I band. Moreover, the structure reveals
a novel disulphide bridge, which has not been predicted[16]. Recently, a study on engineered polymers gener-
ated from selected titin-Ig domains (I27 and I28) has previously either by modeling studies [24] or by se-
quence comparisons [8, 25]. This finding has led us tosuggested that at forces around 100 pN rupture of sev-
eral hydrogen bonds involving strands A and A’ rather inspect possible disulphide bond formation in other Ig
domains from titin and to propose that reversible disul-than complete unfolding of Ig domains may contribute
to titin elongation within the muscle [17]. This response phide bridge formation might be a key parameter in the
control of the passive elasticity of the I band from titin.results in an elastic behavior deviating from the worm-
like chain model of polymer elasticity. These findings
have triggered new theoretical studies on protein un- Results
folding by external forces, using molecular dynamics
simulations [18, 19], which provide insight into local un- Overall Structure
The crystal structure of the Ig-like domain I1 from humanfolding events in a-helical and b sheet proteins under a
range of applied external forces. titin has been solved to 2.1 A˚ resolution. Initial phases
were obtained by molecular replacement using theBecause of its unique elastic properties at the I band,
titin has become the most widely used biological tem- C-terminal domain of myosin light chain kinase, telokin, as
structural template. The crystal structure of I1 correspondsplate for the study of passive mechanics in biological
materials and has led to significant advances in the to that of a dimer where two domains interact through their
C-terminal tips, including b strand G and loops C–C’ andapplied technologies, namely, atomic force microscopy
Structure of I1 from Titin
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Figure 1. Overall Structure of the I1 Ig Domain
(a) Ribbon representation. b strands of the sheets ABDE and the A9CC9FG are color coded in pink and cyan, respectively. The two loops B–C
and F–G, close to the N terminus, are colored in light green and dark green, respectively. The two loops A9–B and E–F, close to the C terminus,
are colored in orange and brown, respectively.
(b) Same presentation as (a) but tilted. The disulphide bridge connecting residues 37 (b strand C) and 62 (b strand E) is shown in ball-and-
stick representation. The 3 tryptophan residues (W39, W54, and W56) surrounding the disulphide bridge are also included.
(c) Stereoview of the 2Fo-Fc (acalc) electron density map of the disulphide bridge region contoured at 1.5 s.
E–F. This arrangement could reflect the dimeric associa- superfamily [26, 27]. It contains two antiparallel b sheets
that pack against each other, where one sheet is com-tion of purified I1 in solution. Statistics on the crystallo-
graphic data and refinement are included in Table 1. posed of four strands (ABED), and the other one com-
prises five strands (A’GFCC’). The first strand splits intoI1 folds into a Greek key b sandwich (Figure 1), as
characteristic of the members from the immunoglobulin two half strands, A and A’, bridged by a classic b bulge.
Structure
334
Figure 2. Structure-Based Sequence Alignment of Ig Domains from Muscle Proteins
The alignment was carried out with the program ALIGN_PDB [49], using the main chain positions of each coordinate set, and includes the
sequences from the structures of the I1 domain of titin, the I27 domain of titin (PDB code: 1TIT), the M5 domain of titin (1TNM), the I189
domain of twitchin (1WIT), the I269 domain of twitchin (1KOA), and the telokin domain of myosin light chain kinase (1FHG). For the structures
determined from NMR data, the minimized average sets of coordinates were used. The extent of the b strands from the ABDE and the A9CC9FG
sheets have been determined with PROCHECK [37]. They are colored as in Figure 1. The positions of the cysteines are highlighted in yellow
with black background. A disulphide bridge has been observed only in the structure of I1. The structure of telokin contains four cysteines
that could potentially form two disulphide bridges requiring some local conformational adjustment [28]. The approximate consensus positions
of the b strands are indicated in boxes above the alignment.
The two b sheets are formed by antiparallel strands, Reversibility of the I1 Disulphide Bridge
Most of the extracellular Ig domains contain disulphideexcept for the parallel arrangement of strands A9 and
G. In I1, the number and size of the b strands (Figure 2) bridges that are essential for their structural integrity
[32–34]. Ig domains from intracellular muscle proteins,as well as the conformation of the loops connecting
them are characteristic of the I set (intermediate set) of however, carry out their function in a reducing environ-
ment that is unfavorable to disulphide bridge formation.Ig folds. This set combines structural features from the
V (variable) and the C2 (constant 2) sets of Ig domains Therefore, we did not consider the presence of disul-
phide bridges when preparing the crystals for the struc-[27]. The structure of I1 adds to a database of another
five structures of intracellular Ig domains from muscle ture determination of I1. Since the I1 domain was ex-
pressed as a soluble cytoplasmic protein in Escherichiaproteins (Figure 2): telokin at the C terminus of myosin
light chain kinase [28], M5 [4] from the titin M line, I189 coli, we assume that the disulphide bridge was formed
during storage and crystallization procedure of purified[29] and I269 [30] from twitchin (the titin analog in nema-
todes), and I27 [5] from the distal I band of titin. Of these, I1 due to oxidation by exposure to air.
To further study the role of the disulphide bridge inonly I27 and I1 have been implicated in muscle elasticity.
I1, we have analyzed the stability of this domain under
reducing and oxidizing conditions, using fluorescenceA Disulphide Bridge Connecting Strands C and E
None of the structures of intracellular Ig domains avail- spectroscopy, by selective excitation of tryptophan resi-
dues at 295 nm (Figure 3). Since these residues directlyable to date contain a disulphide bridge, which is not
unexpected, due to the generally reducing intracellular surround the disulphide bridge, this technique should
be sensitive to structural changes resulting from reduc-environment. An unpredicted disulphide bridge is, how-
ever, evident in the structure of I1, connecting strands tion of the disulphide bond. The spectra show a maxi-
mum at 335 nm, indicating that emission is dominatedC and E (C37–C62) (Figure 1b). Its location is different
from that of the classical disulphide bridge connecting by the tryptophan residues in an apolar environment
(the fraction of the side chain exposure of W39, W54,b strands B and F, which has been observed in many
extracellular Ig domains [26]. This classical disulphide and W59 is 0.0, 0.12, and 0.29, respectively, as calcu-
lated using AREAIMOL [35]). The spectra from oxidizedbridge invariantly packs against a tryptophan residue
from strand C, forming a structural motif at the center and reduced samples are identical, demonstrating that
the local environment does not change significantly uponof the hydrophobic core. Such motif, termed the “pin,”
was originally regarded as part of the signature of the disulphide bridge formation. Refolding experiments on
I1, monitored by fluorescence emission, demonstrateIg fold [31]. The disulphide bridge in I1, topologically
shifted by one strand with respect to the classical that the native fold can be reconstituted under reducing
conditions but not under oxidizing conditions (Figuresbridge, links b strands from the two different sheets
forming the Ig fold, like the classical B–F disulphide 3b and 3c). Suitable conditions that would allow refold-
ing in the absence of reducing agents were not foundbridge. Equally, it packs against the highly conserved
tryptophan (W39 in I1) from b strand C, which is part of by variation of pH, buffer composition, or temperature.
Upon denaturation, the emission maximum shifts fromthe pin motif. In I1, two additional aromatic residues
wrap the bridge (W54 and W56 from b strand D), yielding 335 nm to 355 nm, indicating an increased solvent expo-
sure of the tryptophans. This is accompanied by ana buried bond. Apart from the disulphide bridge, the
only other directed specific interaction between the two increase of the overall emission intensity, suggesting
quenching of the fluorophores in the native fold. Suc-b sheets in I1 is that of a hydrogen bond between the
side chain amido group of Q15 from strand A9 and the cessful refolding under reducing conditions confirms
that disulphide bridge formation is not required for fold-imidazole ring of H24 from strand B. This results in an
intersheet contact area that is predominantly hy- ing. Unfolded I1 under oxidizing conditions could be
susceptible to formation of intermolecular disulphidedrophobic.
Structure of I1 from Titin
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Figure 3. Fluorescence Emission Spectra of Reduced and Oxidized I1
All spectra were recorded at a lexcitation 5 295 nm.
(a) Spectra from native I1 are equivalent for both oxidized (black) and reduced (red) samples.
(b and c) Refolding experiments for oxidized and reduced I1, respectively. Spectra for the initial native forms are depicted in black. Spectra
in red correspond to sample denatured overnight in 10 M urea. Spectra in cyan are for refolded samples using overnight dialysis in urea-free
buffers. Measurements were in 100 mM Tris-HCl (pH 8.2) and 100 mM NaCl.
bridges, nonproductive folding intermediates, or aggre- The Loop Regions in I1
Ig domains interact with a wide variety of other proteinsgation.
The chemical stability of the I1 domain in the presence either by end-to-end contacts of loops from opposite
ends of the b sandwich or by sheet–sheet contacts [26].and absence of the disulphide bridge was analyzed by
urea denaturation. Unfolding was monitored by fluores- Evidence by small angle scattering [23] suggests that
the interdomain contacts within the tandem Ig repeats ofcence emission at 355 nm, where the difference in emis-
sion between the native and unfolded states is maximal the titin I band are mediated by loops from consecutive
domains in an end-to-end fashion. These short tandem(Figure 4). Denaturation curves for both reduced and
oxidized forms show similar midpoints of denaturation hinges are the first interactions to be disrupted during
the initial steps of passive elasticity [23]. The loop struc-at about 6.9 M urea. In order to ensure the complete
reduction of the disulphide bridge, measurements for ture of these domains, therefore, is of particular interest
for investigating the molecular basis of muscle elasticity.the reduced form were repeated with samples refolded
under reducing conditions. The results (data not shown) The high resolution of the I1 crystal structure permits
the first detailed description of its two distinct loop clus-were in agreement with those previously obtained.
These data suggest that the disulphide bridge does not ters that define the sites for possible end-to-end con-
tacts (Figure 5). The N-terminal cluster includes loopscontribute significantly to the chemical stability of the
domain. Our data show that I1 is more resistant to chem- B–C and F–G, which are both generally short in the I set
of Ig domains. The C-terminal cluster is mostly definedical unfolding than other previously characterized Ig do-
mains of the titin I band (I11, I27, I28, I29, and I30), with by loops A9–B and E–F. The N-terminal B–C loop (resi-
dues 33–35) contains a PxP sequence motif that ismidpoints of denaturation from 1.6 to 5.8 M urea [36].
Figure 4. Urea Denaturation Curves by Fluo-
rescence Emission
Each data point was recorded at fixed
lexcitation 5 295 nm and lemission 5 355 nm over
a period of 2 min. Solid squares indicate mea-
surements for the oxidized sample, and red
triangles indicate measurements for the re-
duced form. Measurements were in 100 mM
Tris-HCl (pH 8.2) and 100 mM NaCl. The data
under reducing conditions were obtained in
the presence of DTT.
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The other N-terminal loop, F–G, consists of a b turn,
the position of which is determined by the length of
the flanking b strands F and G (Figure 5a). The known
structures of muscle Ig domains can be grouped in two
categories: a short version with a truncated F–G b sheet
and a longer version with an extended F–G b sheet with
a 4 residue insert (Figure 2) relocating the F–G b turn
about 7 A˚ closer to the N terminus of the domain. All
known structures of muscle Ig domains belong to the
long category, except that of I27. In these sequences,
there is a conserved asparagine N-terminal to the F–G
loop (N83 in I1; Figure 2). In I1, a hydrogen bond is
formed between its side chain and the carbonyl group
of the cis-proline from the B–C loop. The same interac-
tion is observed or potentially possible in the other avail-
able structures of muscle Ig domains. Like I1, the major-
ity of the I band Ig domains are predicted to contain
extended b strands F and G. However, there are two
clusters of domains of the shorter form, Ig 3–13 in the
proximal I band region and Ig 75–92, comprising almost
the entire distal I band region (Figure 6). This tight clus-
tering is in marked contrast to the apparently random-
ized distribution of other sequence patterns among
these domains [8, 25]. The potential functional signifi-
cance of this pattern remains to be elucidated.
At the C terminus, loops A9–B and E–F are closely
interconnected by a number of hydrogen bonds (Figure
5b). Their lengths are conserved among sequences of
domains from the titin I band [8]. The A9–B loop contains
a glycine (G20 in I1) that is conserved in the majority of
the I band domains. In I1, this residue has a main chain
conformation that is not allowed for nonglycine residues
(` 5 998; C 5 318), approaching aL conformation. The
C-terminal part of the E–F loop (residues 67–74) contains
a DxG/A sequence motif that is highly conserved within
the sequences from the proximal I band [8]. In I1, the
carboxylate of D73 is hydrogen bonded to R51 from the
C9–D loop and to T70 from the E–F loop. The salt bridge
D73–R51 belongs to the initial recognition pattern of the
I set of Ig domains [27]. This interaction is, however,
missing in the structure of I27, which belongs to the few
exceptions of I band domains where the aspartate in
the E–F loop is not conserved [5].
Figure 5. The Two Terminal Loop Clusters
Discussion
The color codes are as in Figures 1 and 2. The hydrogen bonds are
shown as dashed lines. The loops are either shown as tubes or ball-
Comparison of Structures from Muscleand-sticks.
Ig Domains(a) The loop cluster consisting of loops B–C and F–G close to the
N terminus of the domain. The structure of the I1 domain from the titin I band adds
(b) The loop cluster consisting of loops A9–B and E–F close to the to a database of Ig structures from muscle proteins.
C terminus of the domain. Three of them have been determined by X-ray crystallog-
raphy (I1, I269, and telokin), and the other three have
been solved by NMR spectroscopy (I27, M5, and I189).shared by most of the other muscle Ig domains of known
structure (Figures 2 and 5a). The first proline, P33, is in For a comparison, we have analyzed the six structures
with the PROCHECK software [37], using the entries incis-conformation, thus orienting the carbonyl group of
the preceding residue, K32, such that it forms a hydro- the Protein Data Bank. For the analysis of telokin, we
have used a recent upgrade (1FHG) at higher resolution.gen bond to E3 at the N terminus of I1. The second
proline, P35, is in trans-conformation and is not involved The boundaries of identified b strand secondary struc-
ture for the six domains are indicated in the alignmentin any specific interactions with other parts of I1. In
many of the differentially expressed Ig domains from of Figure 2, revealing considerable differences in the
amount of secondary structure. Only the two crystalthe proximal titin I band, however, there is an alternative
PPx motif [8]. structures of I1 and telokin, both determined at high
Structure of I1 from Titin
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Figure 6. Potential for Disulphide Bridge For-
mation in the Ig Domains from the I Band of
Titin
The Ig domains from the constitutively ex-
pressed proximal I band; the differentially ex-
pressed proximal I band; the N2A region; and
the distal, constitutively expressed I band are
shown schematically and are numbered
adopting the scheme of [8]. The domains of
known structures are marked with an asterisk
each. All Ig domains with a potential for disul-
phide bridge formation are colored: yellow,
potential for disulphide bridge connecting b
strands B and F; orange, potential for alterna-
tive disulphide bridges, including the B–F
bridge; red, observed unique disulphide
bridge in the I1 domain, connecting b strands
C and E. Those domains that contain a trun-
cated EF b sheet, as predicted from their se-
quences, are shown as vertically shortened
boxes. These only occur in the two flanking,
constitutively expressed I band regions.
resolution (2.1 and 2.0 A˚, respectively), contain a com- In a recent study, a poly-I27 domain construct was
used, and the corresponding NMR structure served asplete set of b strand elements. The structure of the
I269 domain from twitchin was determined as part of an a starting model for molecular dynamics simulations
[17]. This simulation indicated that, prior to completeextended twitchin kinase construct at 3.3 A˚ resolution.
In this structure, the segment comprising strand D in unfolding of the domains, collapse of local structure
occurs within the A–B and the A9–G sheets. However,other Ig structures could not be assigned to be in b
strand conformation but was recognized to be extended these areas show less regular interactions in the I27
template than the structures of other Ig domains. There-[30]. In the three available NMR structures, there is an
incomplete set of secondary structure elements when fore, it would be interesting to investigate whether the
same unfolding transitions under external force couldtaking the structures of telokin and I1 as reference. For
instance, in I27 [5], b strands A, C, and C9 are absent, be observed when, for instance, the I1 domain would
be employed as a starting model. In addition, the crystaland b strands F and G are interrupted. It remains to be
determined to what extent these differences are due to structure of I1 includes 198 structured solvent mole-
cules, providing useful information on its solvation,the inherent properties of the individual domains or to
the specific structure determination protocols. which may be relevant for accurate molecular dynamics
Figure 7. Model for Disulphide Bridge–Regulated Elasticity of the I1 Domain
The two b sheets of the I1 domain are shown as surfaces, adopting the color scheme of Figures 1, 2, and 5. Depending on the redox conditions,
the disulphide bridge connecting the two sheets is either present (oxidized conditions) or absent (reduced conditions). The formed disulphide
bridge and the free cysteines are shown schematically as yellow ellipsoids. The model proposes a motion of the two b sheets with respect
to each other, where one is pulled towards the N terminus and the other one is pulled towards the C terminus. Under oxidizing conditions,
this motion would be more restricted by the presence of the disulphide bridge leading to a negative regulation of the elastic properties of
the I1 domain.
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simulations. Obviously, more accurate structures of pro- ered as two independent structural units appears to be
an attractive one. Assuming conformational flexibility inteins with a potential for passive elasticity are needed
to provide optimal structural basis for the rapidly devel- the two loop clusters that form multiple links between
the two different b sheets, there might be some permis-oping field of experimental and computational analysis
of the behavior of proteins under external forces. sive range for opposite motions of the two sheets when
external forces are applied. In this model, the ABDE
sheet would be pulled in the direction of the N terminus,Predicted Disulphide Bridges in Ig Domains
and the A9CC9FG sheet would be pulled toward the Cfrom the I Band of Titin
terminus. Such a model may complement previous pro-The most unexpected feature in the crystal structure of
posals on Ig elasticity by unfolding of local patches inthe I1 domain is the presence of a reversible disulphide
the b sheet structure [17].bridge. A subsequent analysis of the sequences of Ig
If flexibility for sheet–sheet movement along a virtualdomains from the I band of titin [5, 8], revealed that the
plane in the direction of the two termini of the Ig foldpotential for disulphide bridges in these domains is by
exists, then this motion under external forces wouldfar not uncommon. In our prediction, 40 out of 92 I band
be severely restricted by the presence of a disulphideIg domains contain an appropriate cysteine pattern to
bridge, as that observed in the I1 domain structure.permit formation of the classical disulphide bridge con-
Because this disulphide bridge is reversible, it could benecting b strands B and F (Figure 6). The highest fraction
inferred that variations in the redox environment couldof Ig domains with a potential for B–F disulphide forma-
modulate the elasticity of single Ig domains of the titintion is found in the differentially expressed proximal I
I band, ultimately leading to an overall role in controllingband (Ig domains 16–68), where 30 domains (57% of
the passive elasticity of the titin filament.the total number of I band Ig domains) containing this
cysteine pattern are located in blocks of up to four con-
Biological Implicationssecutive domains. Using telokin [28] and I1 as structural
templates, additional alternative disulphide bridges
The X-ray structure of the I1 domain from the titin I bandcould be predicted in domains I40 and I60. Interestingly,
is the first example of an Ig domain from a muscle proteinthe C–E disulphide bridge of I1 is unique among all the
bearing a reversible disulphide bridge. This observationIg sequences from the I band of titin.
suggests a possible role of the changing redox environ-
ment of the muscle sarcomere in the modulation of the
Model of Unfolding of the I1 Domain passive elasticity of titin. The findings on the I1 domain
under External Forces are reinforced by sequence analysis of other domains
The intracellular environment of muscle cells undergoes from the I band of titin, which need to be further validated
oxidative stress during exercise. The redox environment by experiments using structural and biomechanical
changes due to rapid oxidation of free fatty acids that techniques. The structure of the I1 domain is attractive
serve as the primary energy source, resulting in the for a proposed model on limited sheet–sheet movement,
accumulation of reactive oxygen species, like the O22 modulated by the presence or absence of disulphide
radical [38]. These not only affect the cardiovascular bridges. This model adds a novel view on Ig domain
system, leading to a number of specific diseases, but elasticity, complementing previous proposals in which
also induce specific signaling pathways in muscle [39]. domain unfolding leads to the unravelling of local b sheet
Changes in the redox environment could lead to the structure [17, 42].
modulation of protein activities involved in contraction,
either by cysteine oxidation through reactive oxygen
Experimental Procedures
species or by S-nitrosylation through reactive NO [40].
Recent data on the redox response of the muscle cal- Protein Expression, Purification, and Crystallization
The construct of the I1 domain comprises residues 2027–2126 ofcium release channel have, for instance, demonstrated
the full-length human cardiac titin (accession code X90568 of thethat this system contains oxygen sensory components
EMBL data library). DNA fragments were subcloned into the pET8cwith a number of redox reactive cysteines [41]. There-
vector [43] and fused N-terminally to a Met-His-6-Ser-2 encoding tagfore, it appears plausible that changes in the redox envi-
sequence. For simplicity, throughout this work the protein sequence
ronment within the muscle sarcomere could have impli- has been renumbered, replacing residue numbers 2027–2126 by
cations for the function of titin as well. 1–99. Protein expression was achieved from precultures of trans-
formed BL21[DE3]pLysS cells, which were diluted 5-fold and grownThe I band Ig domains of the giant muscle protein titin
to an OD600 of 0.7 in Luria Bertani medium with 0.1 mM ampicillinhave been extensively used to study its elastic proper-
after induction with 0.1 mM IPTG for 4 hr at 378C. The harvestedties under physiological stretching conditions and under
cells were resuspended in 50 mM Tris-HCl (pH 8.0), 5 mM imidazole,applied external forces. Based on our observation of
500 mM NaCl, and 20 mM b-mercaptoethanol and were treated with
reversible disulphide bridge formation in I1, we propose 10 mg/mL lysozyme and protease inhibitors (0.1 mg/mL pefablock,
that the muscle redox environment could play a role 1 mM pepstatin, and 1 mM leupeptin), sonicated, and centrifuged at
20,000 rpm. The supernatant was applied to a Ni21-NTA agarosein controlling the passive elasticity of titin in a stress-
column (Qiagen), equilibrated in the buffer mentioned above. Theregulated way (Figure 7). At present, the molecular
bound protein was eluted with 200 mM imidazole, and 20 mM b-mer-mechanism of possible elasticity in the I1 domain re-
captoethanol. The pure fractions were dialysed against 50 mMmains to be elucidated. However, we have noticed that
Tris-HCl at pH 8.8, 1 mM EDTA, and 1 mM DTT. The dialysate was
the interface of the two b sheets in the I1 structure applied to a monoQ ion exchange column (Pharmacia Biotech),
is almost void of any specific and directed contacts. equilibrated in 50 mM Tris-HCl (pH 8.8), and 1 mM DTT. The protein
eluted at a concentration of about 100 mM NaCl and was pure asTherefore, a model in which the two sheets are consid-
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judged by SDS-PAGE and mass spectroscopy. The yield of pure I1 Fluorescence Spectra
Fluorescence emission spectra at protein concentrations of 5 mMprotein from 1 liter of culture was z60 mg. The N-terminally tagged
sequence Met-His-6-Ser-2 was not removed after metal chelate were recorded with a Kontron SFM25 fluorescence spectrophotom-
eter with a cell holder thermostatted at 228C using HELMA quartzchromatography. I1 is soluble at alkaline pH (above pH 8.0). It associ-
ates as a dimer, as detected by gel filtration chromatography. Dimer- cuvets of 10 mm light path. Prior to the measurements, the counting
of free thiol groups was performed as described above in order toization occurred in the pH range assayed (pH 7.0–9.0) and both
under reducing and oxidizing conditions. After concentrating the ensure that both reduction and oxidation had been completed. The
fluorescence emission of all samples was studied both by excitationprotein to about 3 mg/mL (by OD280), the hanging drop vapor diffu-
sion method was used for crystallization trials. The best crystal used at l 5 280 nm and 295 nm. The resulting emission spectra were
equivalent at both incident wavelengths, demonstrating that emis-for data collection was obtained from 3.25 M NaCl, 0.1 M Tris-HCl
(pH 8.0), 1 mM EDTA, and 1 mM DTT. It showed rod-like morphology sion was dominated by tryptophan residues. For denaturation, sam-
ples both under oxidizing and reducing conditions were incubatedwith approximate dimensions of 300 3 50 3 50 mm3.
overnight in the presence of various concentrations of urea as dena-
turant, both at pH 8.2 and 7.2. The extent of unfolding was deter-X-Ray Data Collection and Processing
mined by measurements of fluorescence emission at 355 nm (excita-X-ray data were collected on beamline X11 (EMBL, Hamburg, DESY)
tion 295 nm). Refolding was carried out by overnight dialysis of theat a wavelength of 0.906 A˚ under cryoconditions. Hampton Research
urea in buffers as described above.nylon loops were used for crystal mounting. The crystal was frozen
in the mother liquor supplemented with 20% (v/v) glycerol. Reflec-
Acknowledgmentstions up to a resolution of 2.1 A˚ were recorded on a 345 mm Mar
image plate scanner in a single sweep (99 nonoverlapping images
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Accepted: February 27, 2001of peak height 26 s (42% of the origin peak).
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